Pancreatic adenocarcinoma is an aggressive human malignancy and is characterized by resistance to apoptosis. Recently, NADPH oxidase (Nox) 4-mediated generation of intracellular reactive oxygen species (ROS) was proposed to confer antiapoptotic activity and thus a growth advantage to pancreatic cancer cells. The signaling mechanism by which Nox4 transmits cell survival signals remains unclear. Here, we show that both a flavoprotein inhibitor, diphenylene iodonium (DPI), and small interfering RNAs designed to target Nox4 mRNA (siNox4R-NAs) inhibited superoxide production in PANC-1 pancreatic cancer cells, and depletion of ROS by DPI or siNox4RNAs induced apoptosis. Parallely, DPI treatment and siNox4RNA transfection blocked activation of the cell survival kinase AKT by attenuating phosphorylation of AKT. Furthermore, AKT phosphorylation of apoptosis signal-regulating kinase 1 (ASK1) on Ser-83 was reduced by DPI and siNox4RNAs. When ASK1Ser83Ala (an AKT phosphorylation-defective ASK1 mutant) was introduced into PANC-1 cells, this mutant alone induced apoptosis. But, addition of DPI or co-transfection of siNox4RNA had no additive effect, indicating that the mutant can substitute for these reagents in apoptosis induction. Taken together, these findings suggest that ROS generated by Nox4, at least in part, transmit cell survival signals through the AKT-ASK1 pathway in pancreatic cancer cells and their depletion leads to apoptosis.
Introduction
Reactive oxygen species (ROS) generated by the NADPH oxidase (Nox) family have recently been recognized as important signaling molecules in several cellular processes. The Nox family consists of seven members: Nox1, Nox2, Nox3, Nox4, Nox5, DUOX1 and DUOX2 (Lambeth, 2004) . Although they share common structural similarities with six transmembrane domains and the cytoplasmic domain that comprises NADPH-and FAD-binding sites, each member appears to exert a specific biological role through superoxide generation. For example, the best-studied Nox2 (gp91phox) is responsible for host defense against microorganism invasion (Bokoch, 1994) , Nox1 mediates PDGF- (Suh et al., 1999) or EGF- (Mitsushita et al., 2004) stimulated mitogenesis in fibroblast cells and angiotensin-induced proliferation in vascular smooth muscle cells (Lassegue et al., 2001) , and Nox4 is coupled to insulin signal transduction including glucose uptake in adipocytes (Mahadev et al., 2004) and Toll-like receptor 4-mediated inflammation (Park et al., 2004) .
In contrast to normal processes where ROS generation is triggered to ligand stimulation, production of ROS in malignant cells is frequently augmented, although lower than that in phagocytes, and has been implicated in tumor promotion (Szatrowski and Nathan, 1991) . In this regard, it is noteworthy that some of the ROS-generating Nox family enzymes are involved in neoplastic proliferation. We demonstrated that small interference RNAs (siRNAs) directed at Nox1 suppressed oncogenic Ras transformation, limiting anchorage-independent growth and tumor formation (Mitsushita et al., 2004) . Furthermore, Nox4 (Brar et al., 2002; Vaquero et al., 2004) and Nox5 (Brar et al., 2003) appeared to control cell survival of malignant melanoma, pancreatic carcinoma and prostate cancer cells. These findings suggest that the modulation of survival signaling by ROS is also critical for some types of cancer development, although the genotoxic effect has been much emphasized for the role of ROS in tumorigenesis.
Pancreatic cancer is one of the major causes of cancer death and an aggressive malignancy that is characterized by resistance to apoptosis and chemotherapeutic agents. The recent report by Vaquero et al. (2004) reveals that antisense Nox4 oligonucleotides stimulated apoptosis in pancreatic cancer cells, suggesting the protective function of Nox4-generated ROS in pancreatic cancer cells against apoptosis. However, little is known about the potential downstream targets for Nox4-generated ROS in cell survival signals. Recent studies have shown biochemical links between Nox4 and the AKT serinethreonine kinase. Nox1 plays a mediating role in angiotensin II-induced stimulation of AKT during hyperplasia in vascular smooth muscle cells (UshioFukai et al., 1999) , whereas Nox4-generated ROS mediate angiotensin II-induced activation of AKT in mesangial cells that may be involved in protein synthesis (Gorin et al., 2004) . Activation of AKT by Nox4 participates in insulin-induced glucose uptake (Mahadev et al., 2004) , and urotensin II may activate AKT through Nox4 in pulmonary artery smooth muscle cells (Djordjevic et al., 2005) . These observations suggest regulation of AKT by Nox protein redox signaling, but none of the studies, thus far, addressed the role of Nox4 modulation of AKT in cell survival signaling, despite the fact that AKT is a critical protein kinase in the antiapoptotic/cell survival pathways (Nicholson and Anderson, 2002) .
In the present study, we focused on the role of Nox4 in antiapoptotic signaling of pancreatic cancer cells. Our data indicate that both diphenylene iodonium (DPI) and siNox4RNAs suppressed phosphorylation of AKT and thereby inhibited AKT phosphorylation of ASK1 on Ser-83 in PANC-1 cells. Furthermore, introduction of an AKT phosphorylation-defective ASK1 mutant alone is able to substitute for DPI or siNox4RNAs in induction of apoptosis. The data indicate that inhibition of AKT-ASK1 phosphorylation signaling causes cell death. Thus, AKT-ASK1 phosphorylation cascade appears to play an important role in Nox4-dependent cell survival signaling. The results provide an insight into the redox-sensitive signaling mechanism that mediates cell survival.
Results
Nox4 mediates ROS production in PANC-1 cells Vaquero et al. (2004) previously pointed out that Nox4 is critical for cell survival of pancreatic cancer PANC-1 cells. Consistent with this observation, our study indicates that ROS seem to provide PANC-1 cells with beneficial effects-survival advantage because cell viability significantly decreased in cells that had been exposed to a dietary antioxidant, vitamin E, a thiol-containing antioxidant, pyrrolidine dithiocarbamate (PDTC), and an inhibitor of flavoprotein-dependent oxidase, DPI (Figure 1 ). The precise signaling mechanism by which Nox4-generated ROS regulate cell survival still remains to be elucidated.
To investigate the role of Nox4 in cell survival signaling mechanism in PANC-1 cells, we took an approach of loss-of-function analysis utilizing RNA interference. Expression of siRNAs is able to silence gene expression, and this allows the functional inactivation of the targeted gene (Elbashir et al., 2001; Brummelkamp et al., 2002) . We created the U6 promoter-controlling vector carrying scramble and human Nox4-specific siRNAs (Nox4RNAi-1 and -2) and assessed the ability of siNox4RNAs to suppress Nox4 expression by analysing the expression level of Nox4 proteins in Cos cells co-transfected with GFP-tagged Nox4 and siNox4RNAs. Immunoblotting analysis shows that the protein level of GFP-tagged Nox4 was decreased by coexpression of siNox4RNAs in a dosedependent manner, indicating that siNox4RNAs efficiently eliminated Nox4RNAs from the cells (data not shown). Consistently, expression of endogenous Nox4 mRNAs and Nox4 proteins in PANC-1 cells was blocked upon siNox4RNAs transfection, as demonstrated by RT-PCR ( Figure 2a ) and immunoblotting with anti-Nox4 antibodies (Figure 2b ), respectively.
To verify that Nox4 mediates ROS production, Nox4RNAi-1 and -2 were transiently introduced into PANC-1 cells. Intracellular superoxide production was evaluated by using flow cytometry in cells loaded with oxidation-sensitive 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA). PANC-1 cells spontaneously generated ROS, and DPI treatment abolished the synthesis of ROS (Figure 3a) . Parallely, transfection of siNox4R-NAs resulted in a significant inhibition of ROS production as compared to scrambled controls 3 ) together with or without vitamin E (3 mM), PDTC (70 mM) and DPI (10 mM) until radioactivity incorporation was determined at the indicated time points. The amounts of radioactivity incorporated into TCA-insoluble materials were measured as described in Materials and methods. The data are means7s.e. (n ¼ 3).
Role of Nox4 in PANC-1 cell apoptosis T Mochizuki et al (Figure 3b ), indicating that Nox4, at least in part, is responsible for intracellular ROS generation. The ROS production was not completely inhibited by siNox4R-NAs, suggesting that other sources also contribute to ROS synthesis. In fact, regarding Nox family expression, RT-PCR analysis revealed that Nox4 and Nox5 were expressed in PANC-1 cells, whereas little or no Nox1, Nox2, and Nox3 mRNAs were detected (Figure 4) . Vaquero et al. (2004) also reported the same results. Furthermore, the FACS analysis of DCFH-DAloaded cells showed that transfection of Nox5siRNA decreased ROS production by 1574% (n ¼ 3) as compared to scrambled controls, suggesting that Nox5 is also involved in the mediation of ROS generation (unpublished results). Therefore, we do not rule out the possibility that not only Nox4 but also Nox5 contributes to ROS generation in the cells, and we mainly focus on the role of Nox4 in cell survival signaling in the present study.
Suppression of ROS generation by DPI and siNox4RNAs induces apoptosis
We next determined whether suppression of the Nox4 activity by siNox4RNAs can induce cell death in PANC-1 cells. To this end, the effect of DPI was first examined by TUNEL assay to detect double-strand DNA breaks. The data indicate that during treatment of cells with DPI for 24 h, an increased number of cells underwent apoptosis (Figure 5a and b), suggesting that depletion of ROS generated by the Nox-like enzymes is essential for induction of apoptosis. siNox4RNAs were then introduced into PANC-1 cells to determine whether Nox4 participates in the regulation of apoptotic events in pancreatic cancer cells. As measured by TUNEL assay, transfection of siNox4RNAs into the cells resulted in a significant increase in apoptotis induction, whereas scrambled controls had no effect (Figure 5a and b). Internucleosomal DNA fragmentation assay also assessed induction of cell death by siNox4RNAs and DPI treatment ( Figure 5c ). Furthermore, overexpression of manganese superoxide dismutase (MnSOD) in PANC-1 cells stimulated apoptosis, which is in agreement with a role of superoxide in Nox4-mediated cell survival of PANC-1 cells ( Figure 5d ). This induction of apoptosis was further confirmed by detection of poly(ADP-ribose) polymerase (PARP) Role of Nox4 in PANC-1 cell apoptosis T Mochizuki et al cleavage, a parameter of apoptosis (Figure 6a ). In another control experiment, the activity of JNK was examined because it is known to control cell death signaling and its activation results in PARP degradation (Yu et al., 2003) . The JNK proteins in siNox4RNAs-transfected cells were affinity-purified and tested for the ability to phosphorylate C-Jun peptides in in vitro phosphorylation reactions. siNox4RNAs enhanced the JNK activity (Figure 6b ), indicating the involvement of JNK in the Nox4-mediated redox-sensitive signaling pathway. Taken together, the data suggest that Nox4 exerts the antiapoptotic activity in PANC-1 cells, and that suppression of the Nox4 activity leads to cell death, which is consistent with the previous report (Vaquero et al., 2004) .
DPI and siNox4RNA affect AKT/ASK1 signaling AKT (protein kinase B) is one of the crucial regulators of cell survival function in response to growth factor stimulations, and its genetic alteration is linked to progression of several human cancers (Franke et al., 1997) . AKT is activated upon phosphorylation, which in turn inhibits apoptosis-inducing proteins by phosphorylating them, resulting in promotion of cell survival (Lawlor and Alessi, 2001) . Conversely, conversion of the phosphorylated AKT to its dephosphorylated form is associated with induction of apoptosis. To investigate whether AKT is involved in cell death of PANC-1 cells caused by DPI treatment or siNox4RNAs transfection, we examined the phosphorylation state of AKT under these experimental conditions. PANC-1 cells were incubated with DPI, cell lysates were prepared and the phosphorylation level of AKT was analysed by immunoblotting with anti-phospho-AKT (Thr308) antibodies. While AKT was found to be phosphorylated in untreated cells, addition of DPI markedly decreased its phosphorylation level (Figure 7a ). DPI treatment did not affect the expression of AKT proteins. The results suggest that DPI attenuated AKT signaling during ) were inoculated in 96-well plates and treated with DPI (10 mM) for 24 h or transfected with 0.25 mg of scrambled RNAi, Nox4 RNAi-1 and Nox4 RNAi-2 as described above. Internucleosomal DNA fragmentation was determined as described in Materials and methods and the absorbancy at 450 nm was normalized to that in cells not treated with DPI or transfected with scrambled RNAi. The data are means7s.e. (n ¼ 3). (d) PANC-1 cells were transfected with 0.25 mg of MnSOD (PHB-MnSOD) and control vectors (Hirose et al., 1993) , and cultured for 72 h. DNA fragmentation was determined as described in Materials and methods. The levels of transfected MnSOD expression were examined by immunoblotting with anti-MnSOD antibodies.
Role of Nox4 in PANC-1 cell apoptosis T Mochizuki et al induction of apoptosis. Because recent findings suggest that ASK1, a key player in stress-responsive apoptosis, is one of the protein substrates for AKT (Kim et al., 2001) , this raises the possibility that DPI-induced suppression of phosphorylation of AKT inhibits AKTdependent phosphorylation of ASK1 on Ser-83. To test this possibility, lysates prepared from DPI-loaded PANC-1 cells were subjected to immunoblotting with antibodies to phospho-ASK1 antibodies, which specifically recognize ASK1 phosphorylated on Ser-83. PANC-1 cells exhibited a significant level of phosphorylation of ASK1, but this phosphorylation was clearly blocked by incubation of cells with DPI (Figure 7b ), suggesting the involvement of DPI-inhibitable Nox-like enzymes in downregulation of an AKT-ASK1 signaling cascade. In fact, silencing of the endogenous Nox4 activity by Nox4RNAi-1 and -2 reduced phosphorylation of AKT and hence phosphorylation of ASK1 on Ser-83, as shown in Figure 7c and d, respectively. If ASK1 is a substrate for AKT, disruption of the AKT kinase activity should interfere with phosphorylation of ASK1. The overexpression of the kinase-defective AKT mutant, AKT1Lys179Ala, yielded a significant reduction in ASK1 phosphorylation, as expected (Figure 7e ).
AKT/ASK1 signaling is involved in DPI/siNox4RNA-induced apoptosis As AKT phosphorylation of ASK1 on Ser-83 inactivates the apoptotic function of ASK1 (Kim et al., 2001) , we examined whether the AKT-ASK1 signaling is involved in DPI-induced apoptosis in PANC-1 cells. For this purpose, the effect of ASK1Ser83Ala mutant on cell death was examined. This mutant is no longer phosphorylated by AKT and thus AKT-ASK1 signal transduction can be blocked by overexpression of the mutant. The expression of ASK1Ser83Ala alone increased induction of apoptosis compared with that of wild-type (wt) ASK1, and DPI treatment of ASK1-Ser83Ala-transfected cells did not show the additive effect on apoptosis induction (Figure 8a) . To examine the effect of Nox4 depletion on the action of ASK1-Ser83Ala, Nox4RNAi-2 and ASK1Ser83Ala were cotransfected into the cells. Downregulation of Nox4, similar to DPI treatment, did not lead to a further increase in ASK1Ser83Ala-induced cell death (Figure 8b ). The data suggest that suppression of the AKT-ASK1 kinase cascade mediates apoptosis induction, which was caused by inhibition of Nox4-generated ROS. ) were incubated with 10 mM DPI for 24 h. Cell lysates were prepared, the extracts were immunoprecipitated with anti-phospho-AKT antibodies (a) or anti-phospho-ASK1 (Ser83) antibodies (b), and the immunoprecipitates were analysed by SDS-PAGE, followed by immunoblotting with the same antibodies. Alternatively, PANC-1 cells were transfected with 5 mg of the vectors carrying scrambled RNAi, Nox4RNAi-1 and Nox4RNAi-2. Cell lysates were prepared after 48 h and subjected to immunoprecipitation, followed by immunoblotting with anti-phospho-AKT antibodies (c) or anti-phospho-ASK1 (Ser83) antibodies (d). The amounts of immunoprecipitated AKT and ASK1 were examined by immunoblotting with antibodies to AKT or ASK1. (e) In the control experiment, PANC-1 cells (10 6 ) were transfected with 5 mg of pcDNA3.0 wt AKT1 or AKT1Lys179Ala. Cell lysates were prepared in RIPA buffer and subjected to immunoblotting with anti-phospho-ASK1 (Ser83) antibodies. Expression of transfected wt AKT1 and AKT1Lys179Ala was examined by immunoblotting with AKT antibodies. ) were transfected with 5 mg of pSilencer vectors carrying scrambled RNAi, Nox4RNAi-1 and Nox4RNAi-2. Cells were harvested after 72 h and the JNK assay was performed by using anti-phospho-specific C-Jun antibodies as described in Materials and methods. To confirm equal loading, GST-C-Jun was immunoblotted with anti-GST antibodies.
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Discussion
In agreement with the previous study (Vaquero et al., 2004) , we have shown that inhibition of Nox4-dependent ROS generation by siNox4RNAs and DPI induced apoptosis in pancreatic cancer PANC-1 cells, suggesting that ROS produced by Nox4, at least in part, exert antiapoptotic function. Although ROS have been conventionally thought to be a cause of stress-induced cell death, ROS may provide tumor cells with survival advantage over normal counterparts (Cerutti, 1985) . Furthermore, recent studies suggest a pro-survival role for ROS at the low level in FAS-mediated cell death and Sindbis virus-induced apoptosis (Clement and Stramenkovic, 1996; Lin et al., 1999) . In this context, our findings provide further evidence for antiapoptotic activity of ROS and support the view that ROS are important intracellular signaling molecules regulating the balance between survival and cell death. It should be noted that siNox4RNA and DPI treatment did not completely abolish ROS production, indicating that other sources also contribute to intracellular ROS generation in PANC-1 cells. As Nox5, although less when compared to Nox4, is expressed in PANC-1 cells, we do not exclude the possibility that Nox5 is also involved in the survival activity of the cells. Vaquero et al. (2004) initiated the study on the protective function of Nox4 against cell killing in pancreatic cancer cells, but the signaling mechanism by which Nox4-generated ROS control cell survival was not fully elucidated in their study. Our study reveals that abrogation of Nox4-generated ROS induced inhibition of phosphorylation of AKT and subsequent suppression of AKT-mediated phosphorylation of ASK1 on Ser-83, and that the AKT phosphorylation-defective ASK1-Ser83Ala mutant alone can substitute for DPI and siNox4RNA in apoptosis induction. Because phosphorylation of AKT on Thr-103 activates its kinase activity (Alessi et al., 1996) and the activated AKT decreases the ASK1 kinase activity through phosphorylation of ASK1 on Ser-83 (Kim et al., 2001) , it is most likely that inhibition of AKT phosphorylation by DPI and siNox4RNAs reduced its kinase activity, which in turn blocked AKT-catalysed phosphorylation of ASK1, resulting in ASK1-mediated cell death (see Figure 9) . In this scheme, cell death events are accompanied by PARP degradation and JNK activation (Figure 6 ). This is also supported by the fact that the activation of JNK through ASK1 has been associated with different types Figure 9 A schematic model for induction of apoptosis by Nox4 inhibition. Nox4-generated ROS stimulate phosphorylation of AKT, which in turn inactivates the ASK1 activity by phosphorylating ASK1 on Ser-83, leading to an antiapoptotic effect. Inhibition of the Nox4 activity attenuates the AKT-ASK1 kinase cascade, resulting in apoptosis. ) were transfected with 2 mg of control vectors, wt ASK1 and ASK1 Ser83Ala mutant. The cells were refed with media containing 10 mM DPI 48 h after transfection and further cultured for 24 h. Then, cell viability was determined by TUNEL assay. The data are means7s.e. (n ¼ 3). (b) Alternatively, the cells were co-transfected with wt ASK1, ASK1Ser83Ala, scrambled RNAi and siNox4RNAi-2 under the indicated combination. Cell viability was determined by the DNA fragmentation test 72 h after transfection as described in Materials and methods. The data are normalized as in Figure 5 and are means7s.e. (n ¼ 3).
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T Mochizuki et al of apoptotic processes (Ichijo et al., 1997) . We therefore propose that Nox4-dependent cell survival signaling is mediated by the AKT-ASK1 kinase cascade, and that antagonizing this signaling pathway by DPI or siNox4RNAs results in activation of apoptosis. Similarly, the anticancer drug paclitaxelinduced apoptosis of ovarian cancer cells is mediated by negative regulation of AKT-ASK1 phosphorylation signaling (Mabuchi et al., 2004) and AKT activation by H 2 O 2 confers protection against apoptosis (Wang et al., 2000) . It has been reported that ROS oxidize thioredoxin (TRX), a negative regulator of ASK1, and thereby dissociate TRX from pre-existing TRX-ASK1 complexes, resulting in the activation of ASK1 and the subsequent ASK1-dependent apoptosis (Saitoh et al., 1998) . In this scenario, ROS function as activators for apoptosis induction. In contrast, the present study shows that depletion of ROS by DPI and siNox4RNAs caused apoptosis by maintaining the ASK1 activity, and TRX cannot be expected to be oxidized under such condition of decreased ROS generation. In this case, ROS appeared to act as negative regulators for apoptosis induction. Thus, TRX-mediated activation and deactivation of ASK1 seem to be mechanistically different from AKT-dependent regulation of ASK1 and would not be involved in Nox4-dependent cell survival signaling. Supporting this view, co-immunoprecipitation studies with anti-TRX antibodies and anti-ASK1 antibodies demonstrated that DPI treatment of cells unaffected the ASK1-TRX complex formation (data not shown).
How Nox4-generated ROS transmit regulatory signals to AKT remains an open question. Recently, ROS have been shown to inactivate PTEN, a phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P 3 ) phosphatase, by oxidizing thiols of cysteine residues of PTEN (Leslie et al., 2003) . This oxidative inactivation of PTEN causes an increase in cellular PtdIns(3,4,5)P 3 and thereby activates a downstream PtdIns(3,4,5)P 3 target, AKT. Thus, one possibility is that Nox4-generated ROS could downregulate PTEN to activate AKT, leading to inhibition of apoptosis through direct antagonism of ASK1 signaling. However, we were unable to detect the oxidation of PTEN in response to overexpression of Nox4 (unpublished results), rendering this scenario unlikely. Alternative potential targets for ROS are the protein kinases. Angiotensin-or EGF-induced AKT activation has been reported to be mediated by ROS including H 2 O 2 , suggesting that AKT is redox sensitive (Ushio-Fukai et al., 1999; Wang et al., 2000) . In addition, PtdIns(3,4,5)P 3 binding to AKT translocates AKT to the plasma membrane, resulting in AKT activation through its phosphorylation by the kinases such as phosphatidylinositol-dependent kinase-1 (PDK1) and -2 (PDK2) (Alessi et al., 1997: Alessi and Cohen, 1998) . Therefore, it is possible that AKT, PDK1 or PDK2 is sensitive to ROS and this modulation by ROS mediates the Nox4 action. In any case, the precise molecular mechanism for the regulation of AKT by Nox4 requires further investigation.
In addition to the antiapoptotic activity in pancreatic cancer cells as described here, Nox4 seems to contribute to the viability of melanoma cells, as melanoma proliferation was inhibited by suppression of the Nox4 activity (Brar et al., 2003) . Furthermore, expression of Nox4 was also detected in renal cell carcinoma (Shiose et al., 2001) and glioblastoma (Cheng et al., 2001) , implying the possible role of Nox4-generated ROS in maintenance of transformation phenotypes. We have recently found that Nox1 is functionally required for maintenance of Ras-induced transformation phenotypes (Mitsushita et al., 2004) . Similarly, Nox5 appeared to sustain the viability of prostate cancer cells (Brar et al., 2003) . These observations therefore point to an intriguing possibility that ROS production by Nox family proteins might be fundamentally important for survival signaling in a broad spectrum of cancers.
Materials and methods
Cell culture and materials A human pancreatic adenocarcinoma cell line, moderately differentiated PANC-1, was obtained from American Type Culture Collection (Manassas, VA, USA). Cells were maintained at 371C under 5% CO 2 air atmosphere in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. PDTC and DPI were purchased from Calbiochem (La Jolla, CA, USA) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (a water-soluble vitamin E analog) was from Aldrich (Milwaukee, WI, USA). Rabbit anti-phospho-AKT1 (Thr308) antibodies and mouse anti-phospho-ASK1 (Ser83) antibodies were purchased from UBI (Lake Placid, NY, USA) and rabbit anti-MnSOD antibodies were from Cell Signaling (Beverly, MA, USA). Goat anti-AKT antibodies, rabbit anti-ASK1 antibodies and rabbit anti-glutathione-S-transferase (GST) antibodies were obtained from Santa Cruz (Santa Cruz, CA, USA). Rabbit anti-Nox4 antibodies were provided by Dr B Goldstein (Mahadev et al., 2004) .
Construction of siRNAs and plasmids DNA oligonucleotides encoding siNox4RNAs with loop sequence (TTCAAGAGA) were subcloned into the HI promoter vector pSilencer hygro (Ambion, Austin, TX, USA) according to the manufacturer's instructions as described previously (Mitsushita et al., 2004) . Based on human Nox4 cDNA sequences, siRNAs were designed as follows: 5 0 -GATC CGCAGAACATTCCATATTACTICAAGAGAGTAATATG GAATGTTCTGCTTTTTTGGAAA-3 0 for Nox4RNAi-1 and
Universal scrambled siRNA sequences, which have no significant homology to mouse, rat or human genome databases, were used as controls (supplied by Ambion).
pcDNA3.0-hemagglutinin (HA)-tagged wt human ASK1 (pcDNA3.0-HA-ASK1) and the serine-83-to-alanine mutant of pcDNA3.0-HA-ASK1 (pcDNA3.0-HA-ASK1Ser83Ala) were previously described (Kim et al., 2001) . pcDNA3.0 wt AKT1 and AKT1 Lys179Ala were previously described (Ogawara et al., 2002) . PHB-MnSOD was described by Hirose et al. (1993) .
RT-PCR
Total RNAs were prepared from cells by Trizol (Roche, Basal, Switzerland) and reverse transcription was performed by using Figure 5 ) or RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% sodium deoxycholate, 4 mM EDTA, 50 mM NaF, 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml aprotinin) (Figures 2b and 6-8), and after centrifugation at 10 000 g for 10 min, extracted proteins were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The protein blots were incubated with appropriate antibodies and protein bands were visualized by ECL or ECLPLUS (Amersham, Piscataway, NJ, USA) as described previously (Miura et al., 2001) .
Cell viability
Cells (10 4 ) were inoculated and cultured in the presence or absence of antioxidants and DPI for the indicated time intervals. The numbers of live cells were determined by Trypan blue exclusion. Alternatively, cells (2 Â 10 3 ) were inoculated and labeled with [ 3 H]thymidine (0.1 mCi; Amersham) in the presence or absence of the above chemicals for the indicated time intervals. Labeled cells were precipitated with 10% chilled trichloroacetic acid (TCA) for 10 min, and the radioactivity incorporated into TCA-insoluble materials was retained to nitrocellulose filters by filtration, followed by scintillation counting.
PARP cleavage assay Cells (5 Â 10 6 ) were treated with or without DPI (10 mM) and extracted by the above-mentioned extraction buffer. Extracted proteins were analysed by 10% SDS-PAGE, followed by immunoblotting with rabbit anti-PARP antibodies (Sigma).
Assay of the JNK activity
The JNK assay was carried out by using a JNK assay kit (Cell Signaling, Beverly, MA, USA). Briefly, cells were extracted in the lysis buffer and lysates were incubated with the GST-C-Jun NH 2 -terminus (1-89) fusion proteins bound to glutathioneSepharose beads. JNK proteins retained to the beads were subjected to the kinase reaction in the presence of cold ATP. The reaction products were resolved by SDS-PAGE and subjected to immunoblotting with anti-phospho-specific C-Jun antibodies.
Apoptosis assay Cells were plated on coverslips and processed for DPI treatment or siNox4RNAs and ASK1Ser83Ala (Kim et al., 2001 ) transfection, as described above. Double-strand DNA breaks were then detected by the ApopTaqR Peroxidase in situ apoptosis detection kit (Chemicon, Temecula, CA, USA) according to the manufacturer's instructions. The numbers of colored substrate-deposited cells were counted. Alternatively, internucleosomal DNA fragmentation was measured by using the Cell Death Detection ELISA kit (Roche, Mannheim, Germany) according to the manufacturer's instructions.
Measurement of the intracellular ROS level
Cells (5 Â 10 6 ) were seeded and, 2 days later, subjected to 10 mM DPI treatment for 18 h. Alternatively, cells were transfected with siNox4RNAs and cultured for 72 h. Then, cells were incubated with 10 mM DCFH-DA (Molecular Probes, Eugene, OR, USA) for 30 min at 371C, harvested by trypsinization, washed with Hank's buffer and fixed in 1% paraformaldehyde. The fluorescence intensity was measured using FACS, with the excitation source at 488 nm and emission wavelength of 580 nm. The histogram was analysed with the software program BD FACStationt system Data Management System (Becton Dickinson). Background fluorescence from blank was subtracted from each reading.
